Bacteria in nature are most often found in the form of multicellular aggregates commonly 52 referred to as biofilms 1,2 . When compared to the planktonic (free-living) state, cells in 53 biofilms are more protected from environmental insults, including sterilizing agents, 54 antibiotics, and the immune system. Biofilms enable bacteria to attach more firmly to their 55 hosts and better access to nutrients [3][4][5][6][7][8][9] . In many cases, bacterial biofilms are deleterious to 56 human health, and over 80 percent of microbial infections are attributed to biofilms 4,10 . On 57 the other hand, some bacteria form biofilms that are beneficial. One example is the model 58 organism Bacillus subtilis -a soil bacterium colonizing plant roots and protecting the host 59 from infections by fungi and other bacterial species 11-14 . 60 One main property defining biofilms is the existence of a self-produced extracellular matrix 61 (ECM), that surrounds and protects the cells, and makes them adhere to each other or to a 62 surface 15 . This feature makes bacterial biofilms an especially appealing system to study 63 multicellular development. The ECM generates a physical connection between the biofilm 64 cells like in higher multicellular organisms 2,16,17 . The main components of the bacterial ECM 65 are: extracellular polysaccharides or exopolysaccharides, proteins, nucleic acids 15 , and 66 biogenic minerals 18,19 . 67
1 Summary 26 Bacteria in nature are usually found in complex multicellular communities, termed biofilms. 27
Biofilms are generally seen as sessile structures, resulting from downregulation of motility. 28 However, during interspecies competition and predation, biofilm cells were shown to migrate 29 towards competitor colonies. Here, we show that a specific extracellular matrix (ECM) 30 protein, TasA, is essential for collective migration toward potential competitors and serves as 31 a developmental cue that increases the formation of motile offspring from sessile chains. We 32 reveal an effective strategy to maintain migration capacities in bacterial biofilms: besides 33 providing a three-dimensional adhesive scaffold for the cells, TasA acts as a signal within the 34 bacterial community. In this study, we wondered whether motility also had a role in the absence of competitions. 126
We found that TasA is a novel developmental cue for sustaining motility, and determined the 127 molecular events that preserve the motile cell subpopulation within the biofilm. Finally, we 128 found a novel regulator of the motility switch, a two-component system that is potentially 129 involved in TasA sensing. Our results imply that similarly to higher multicellular organisms 130 6 exists within the biofilm enabling the expansion of the colony at a high percentage of agar, 149 and its influence increases when agar percentage is lowered. As biofilm experiments are 150 traditionally carried out on a high agar percentage 68 , the residual flagellar motility may 151 become evident only with an additional challenge. We tested whether the engulfment 152 behavior of competing species described in Rosenberg et al can also occur in the presence of 153 filter paper or cellulose acetate discs. The overall population was monitored by the phase 154 ( Figure 1C , upper panels), and the subpopulation expressing motility genes was examined by 155 monitoring the cells carrying fluorescent reporter for hag expression ( Figure 1C , bottom 156 panels). As we found that B. subtilis can engulf them as well, we eliminated external 157 influences from the foreign bacterial species. We found that cells in the engulfed area exhibit 158 higher levels of hag expression, implying a higher percentage of motile cells in those areas 159 ( Figure 1C) . Importantly, when a paper disc was placed near the inoculation site of wild-type 160 B. subtilis, the disc became fluorescent 32 hours post-inoculation, implying that the expanded 161 colony covered the paper disc, in contrast to the cellulose acetate disc which remained non-162 fluorescent. 163
When compared to the wild-type, motility mutants were delayed in their ability to engulf 164 adjacent discs ( Figure 1C and Supplemental Figure S1 ). The hag mutant was delayed in the 165 engulfment of both disc types, and was unable to cover the paper disc ( Figure 1C ), while the 166 motAB mutant was able to partially engulf both discs, but was unable to cover the paper disc 167 (Supplemental Figure 1) . It is important to note that the engulfment started more than 24 168 hours post-inoculation, implying that motility still significantly affected the ability of the 169 biofilm to expand during late stages of biofilm development. Overall, we found that flagellar 170 motility is essential for the engulfment of obstacles during late stages of biofilm 171 development. Therefore, a substantial subpopulation of the biofilm cells must remain in the 172 motile state in order to preserve the full capacities of the wild-type biofilm.
174
The ECM serves as signal to maintain motility in the biofilm 175
As ECM presence was suggested to stimulate biofilm cells to turn into ECM producers 35-37 , 176 and as in ECM producers the motility is downregulated 59 , we expected ECM mutants to 177 show better engulfment capacity and higher motility gene expression. However, ΔtasA, a 178 mutant in the proteinaceous component of B. subtilis ECM, exhibited delayed engulfment of 179 cellulose acetate and paper discs, similarly to motility mutants ( Figure 2A ). 180
Moreover, to our surprise, ECM mutant colonies had lower levels of flagellin expression, 181 when compared to the wild-type colonies ( Figure 2B and C). While ΔepsH shows only a 182 slight reduction, ΔtasA shows a significantly larger reduction, with the double mutant 183 reaching almost autofluorescence level ( Figure 2B ). The fact that the double mutant showed 184 lower levels of fluorescence compared to each of the single mutants suggested separate 185 pathways by which ECM affects motility. It is important to note that the significant reduction 186 in flagellar expression was temporary. In later stages of biofilm development ΔtasA showed 187 partial recovery in expression levels (Supplemental Figure 2) . 188
We used flow cytometry in order to determine whether the apparent reduction is a result of 189 reduced mean expression levels in all cells or of a reduced number of expressing cells (Figure 190 2C). The distribution of the wild-type clearly showed two subpopulations of cells, one that 191 overlaps the autofluorescence levels, and one that highly expresses hag, in accordance with 192 previous studies 52 . The ECM mutants exhibited a reduction in the percentage of the hag-193 expressing cells, which supports our previous findings ( Figure 2B ). The median value for 194 fluorescence intensity of the hag expressing cell subpopulation remained relatively similar in 195 all strains. Thus, hag expression levels of the expressing cells were the same, but the number 196 of expressing cells was lower in the ECM mutants. 197 8 To rule out that the reduction of flagellar gene expression of each of the ECM mutants was 198 not due to a non-specific, global reduction of gene expression, we evaluated the effect of 199 TasA on expression from different promoters that are unrelated to motility and active during 200 biofilm formation 69 : the promoters of the competences related gene comG and OppA. In 201 contrast to flagellin expression, the ΔtasA mutant showed no reduction of P comGA -based 202 expression compared to the wild-type (Supplemental Figures 3A and B ). Similar results were 203 observed for the expression of the transporter oppA (Supplemental Figure 3C ). Thus, the 204 large reduction of flagellin expression in the ΔtasA mutant is not due to non-specific 205
repression. 206
It was shown that growth rates are different in colonies of wild-type and ECM mutants 70 . To 207 exclude the influence of growth rate on expression levels, we examined hag expression in 208 shaking cultures, in which growth rates of the strains are comparable ( Figure 2D and E). B. 209 subtilis is unable to create a biofilm when grown in MSgg shaking cultures, yet it still 210 produces ECM 71 . Reassuringly, flagellar expression levels of shaking cultures of the wild-211 type and ECM mutants were consistent with those in the colonies. Thus, the reduction in 212 flagella expressing cells was not due to reduced growth rate of the ECM mutants, nor due to 213 different physical or chemical parameters of the developing colonies. These results further 214 corroborate the notion that the ECM serves as a signal to retain motility. 215
As mentioned above, the absence of tasA led to a significant reduction in flagellin expression 216 level. It was previously shown that the ECM changes physical properties of the cells' 217 microenvironment, such as osmolarity and viscosity, which in turn may have dramatic 218 outcomes on biofilm development and the expression of biofilm genes 72-74 . Therefore we 219 asked whether the signal that is absent in a tasA mutant is of physical nature. 220
To test whether increased osmolarity or viscosity can restore flagellin expression in the ΔtasA 221 strain, we added various substances with different chemical and physical properties to the 222 9 different ECM mutants and examined the restoration of hag expression. For each added 223 substance, we plotted hag expression normalized to a non-treated sample, as a function of the 224 measured osmolarity or viscosity ( Figure 3A ). We chose to focus on the osmolarity range that 225 does not cause reduction of growth rate (Supplemental Figures 4A-C) . ΔepsH cultures 226 showed elevation of the normalized hag expression levels when treated with artificial carbon-227 based polymers. There was no apparent correlation between the osmolarity or the viscosity 228 levels and the extent of expression. In ΔtasA and in the double mutant, however, hag 229 expression level remained the same as the non-treated sample, regardless of the added 230 substance. 231
Consistent with these results, purified exopolysaccharides from wild-type pellicles restored 232 hag promoter expression of ΔepsH to wild-type levels (Supplemental Figure 4D ). Addition of 233 purified exopolysaccharides did not affect expression level in ΔtasA or in the double mutant. 234
Overall, these results suggest that the ECM exopolysaccharides, which are absent in the 235
ΔepsH mutant, act as a weak chemical signal that could be complemented by a variety of 236 substances. In comparison, ∆tasA seems to lack a distinct signal, indicating a link between 237 the proteinaceous component of the ECM and flagellar motility gene expression. 238
Reassuringly, an overexpression construct for the tapA-sipW-tasA operon partially restored 239 hag expression levels in ΔtasA ( Figure 3B ). The restoration was dependent on the presence of 240 the ribosome binding site within the overexpression construct (Supplementary Figure 5 SipW nor TapA restored the expression of hag when expressed alone ( Figure 3C ). These 245 results suggest that TasA has to be secreted and functional to activate motility.
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As mentioned above, it was suggested that a positive feedback loop leads ECM-exposed cells 247 to become ECM producers, turning the population as a whole to ECM production during the 248 creation of the biofilm [35] [36] [37] . In contrast, our findings indicate that ECM protein gene could 249 also take part in the preservation of the important motile subpopulation in the biofilm. 250
251
TasA stimulates reversal to motility after entering the biofilm state through the 252
motility-biofilm switch 253
We found that a secreted ECM protein tasA has a part in the maintenance of motility in the 254 biofilm, and that its effect is specific (Figures 2 and 3) . Surprisingly, purified TasA could not 255 restore motility to the tasA mutant (Supplementary Figure 6 ), indicating that TasA could act 256 on a very local scale or to serve as a cell autonomous developmental cue. Importantly co-257 culturing of the tasA mutant with a tasA overexpressing strain partially resorted the 258 expression of flagellin by four folds. To determine which molecular processes are affected by 259
TasA, and how they increase the motile cell subpopulation, we decided to move to single-cell 260 analysis using fluorescence microscopy. To that end, we compared wild-type and ΔtasA cells, 261
harboring P hag -gfp as a reporter for motility and P tapA -cfp as a reporter for ECM production. 262
These strains were grown in MSgg shaking cultures and placed on agar pads for time-lapse 263 microscopy ( Figure 4 , and Supplemental Videos S1 and S2). 264
As expected, cells were either expressing the motility reporter, the ECM reporter, or none, 265 but never both at the same time ( Figure 4A ). ECM-expressing cells were usually part of a 266 chain, while motility-expressing cells were individual cells. This is consistent with previous 267 reports that autolysins are activated together with the motility regulon by σ D to break the 268 septum between cells inside chains 75-80 . Interestingly, quite frequently, cells in the chain 269 stopped expressing the ECM operon, and the progeny of these cells activated motility 270 expression after a few cell divisions. In order to further explore the relation between TasA 271 protein and the expression of motility, we examined cells harboring partially functional 272
TasA-mCherry fusion proteins, together with the P hag -gfp reporter (Supplemental Figure 7) , 273 in a strain where the native TasA allele was deleted. Similarly to the P tapA -cfp results, cells 274 inside chains often stopped expressing TasA-mCherry. During a few cell divisions TasA-275 mCherry amounts decreased, and the progeny of those cells activated motility. These findings 276 are in agreement with the known motility-biofilm switch, and motility and biofilm states 277 being mutually exclusive. Furthermore, they indicate that during the period, in which TasA 278 affects the biofilm-motility switch, TasA most likely acts in proximity to, or directly on its 279 producer. 280
Using P tapA -cfp and P hag -gfp transcriptional reporters, we measured fluorescence intensity and 281 the distribution of cell lengths at different time points after the transition to the agar pad 282 ( Figure 4B -F and Supplemental Video S2). To study the effect of TasA on the biofilm-283 motility switch we focused our analysis on cells that were chained and expressed the P tapA -cfp 284 reporter at the beginning of the experiment, and on their progeny during the 4.5-hour long 285 time lapse. We counted similar numbers of chains for the wild-type and ΔtasA strains at the 286 beginning of the time lapse. With similar doubling times of 1.15 ± 0.07 hours and 1.16 ± 0.04 287 hours for wild-type and ΔtasA, respectively, we followed cells for about 4 generations of 288 growth. Here, we used the total length of all cells and chains in the field of view as an 289 approximation of cell number, as it is difficult to identify single cells inside a chain with 290 confidence. 291
When we examined activation of P hag -gfp expression in growing chains, we noticed that for 292 most chains of the wild-type (93.5%, 72/77 analyzed chains) at least one of their progeny 293 cells activated motility during the experiment ( Figure 4B and C, and Supplemental Video 294 S2). In sharp contrast, for the ΔtasA mutant this was the case in only about half of the 295 analyzed chains (53.2%, 42/79 analyzed chains). Moreover, the final length distribution of 296 the ΔtasA mutant showed a lower number of single cells (identified as chains of length ≤ 10 297 μm), and overall longer chains ( Figure 4D , Median: 4.3 μm for the wild-type, 6.1 μm for 298
ΔtasA), reflecting a lower number of chain-breaking events. Consistently, a much larger 299 fraction of the cells expressed the P tapA -cfp reporter ( Figure 4E ). This is in agreement with 300 flow-cytometry measurements we performed using strains harboring a P tapA -gfp reporter 301
showing a higher percentage of P tapA expressing cells in the ΔtasA mutant (Supplemental 302 Figure 8A and B). The longer chains in ΔtasA were the ones that expressed P tapA -cfp ( Figure  303 5F), excluding a direct effect of TasA (expressed from the tapA upstream promoter) on 304 autolysin activity. 305
Overall, our time-resolved analysis of the reversion from the biofilm state to motility 306 revealed that TasA promotes a switch from the biofilm state back to motility. In the absence 307 of tasA, the switching rate from biofilm to motility is decreased and cells tend to stay longer 308 in the biofilm state. 309
We thus hypothesized that TasA acts through the motility-biofilm switch. To further test this 310 hypothesis, we examined the influence of deletion of known regulators of the motility-311 biofilm switch on the effect of TasA on motility. We tested whether upon deletion of these 312 regulators TasA will still have an effect on reverting from the biofilm state to motility. As 313 expected, deletion of either sinI or slrR, the master regulators controlling the motility-biofilm 314 switch, resulted in higher numbers of motile cells ( Figure 4G ), but reassuringly, the tasA 315 deletion did not further affect the number of motile cells ( Figure 4G and H). In order to 316 further test the possibility that tasA acts specifically upstream of the SinI/SlrR switch, we 317 examined a deletion mutant in degU, a global regulator that induces matrix production 318 independently of SinI/SlrR 48 . In the ΔdegU genetic background, tasA deletion still caused a 319 reduction in the number of motile cells (Supporting Figure S9A and B) . 320
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In conclusion, we showed that the ECM protein TasA acts as a developmental cue that 321 increases the switching rate of cells that are in the biofilm state back to motility, and it does 322 so through the motility-biofilm regulatory switch. 323
324
The CssRS two-component system is a novel part of the motility-biofilm switch 325
As we showed above, motility is important in the biofilm environment, and TasA participates 326 in the maintenance of the motile cell subpopulation via the motility-biofilm switch. In order 327 to further corroborate that TasA acts upstream to the motility-biofilm switch, we followed 328
ΔtasA colonies, harboring P hag -gfp, for the emergence of suppressor mutants in which 329 motility level was restored. Targets of such suppressor mutations might reveal the molecular 330 mechanism of TasA action. 331
When ΔtasA colonies were grown for 5 days and more, protrusions began to appear at the 332 edge of the colony ( Figure 5A ). Many of these protrusions were highly fluorescent, indicating 333 high expression from the hag promoter. Many additional mutants were isolated from the 334 circumference of the colony, in areas that showed high florescence but did not protrude. In 335 total, 80 hypermotile mutants were isolated from 141 ΔtasA colonies. Even after many 336 passages (see Methods), the strains kept the hyperfluorescent phenotype, indicating a genetic 337 change ( Figure 5B ). Using soft-agar (0.25%) swimming assay, we confirmed that at least in 338 the representative mutants that were examined, this high expression indeed resulted in faster 339 swimming ( Figure 5E ). Therefore, we termed these suppressor mutants hypermotile mutants. 340
We sequenced the genomes of 9 isolated mutants ( Figure 5C ). Four out of the 9 mutants 341 contained mutations in the slrR locus ( Figure 5C and D). One had a deletion of ~2400 bp that 342 included the beginning of the slrR locus and the epsA-O operon (Mut205 in Figure 5C ), and 343 three had the same mutation (L47X) leading to a premature stop codon in the slrR gene. 344
Using PCR and Sanger sequencing, we identified 8 additional mutants in the slrR gene. Out 345 14 of them, six had the L47X mutation, and one had a deletion that overlaps the same region 346 (Mut340 in Figure 5C ). Two of the isolates had a synonymous mutation in the biofilm master 347 regulator sinR at a specific serine codon ( Figure 5D ). Synonymous mutations in serine 348 codons of sinR, including the mutation that was discovered here, were found to affect levels 349 of SinR, leading to changes in expression of the ECM genes 81 . Our results show that changes 350 in SinR levels affect flagellin expression, probably through its effect on the fla/che operon 351 together with SlrR. In two other isolates, two different non-synonymous mutations were 352 found in the biofilm regulator remA. Each of these isolates harbors a second mutation that 353 might have a separate effect. Thus, most of the suppressor mutations appearing in the ΔtasA 354 colonies were in known regulators of the motility-biofilm switch. This is in accordance with 355 our previous findings that TasA acts through the motility-biofilm switch, thus its absence 356 plausibly led to selection of suppressor mutations that specifically targeted the switch. 357
One of the mutations identified in the suppressor mutant screen was in the two-component 358 system CssRS. Isolate Mut328 carried a non-synonymous mutation (K308E) in the histidine 359 kinase domain of the membrane-bound histidine kinase, CssS (Supplemental Figure S10A) . 360
The CssRS two-component system was previously shown to participate in the response of B. 361 subtilis to secretion stress 82,83 , but was not thought to be connected to either matrix 362 production or motility. As mentioned above, this suppressor mutation appeared together with 363 many other mutations that targeted key regulators of the motility-biofilm switch. We were 364 intrigued by the possibility that the CssRS may be a novel player in the switch. To examine 365 this possibility, we created a deletion mutant of the cssRS operon and inspected the effect on 366 expression of flagella and ECM production operons ( Figure 6 and Supplemental Figure 10 In this study, we describe a novel role for motility in bacterial biofilms, and we identify and 387 characterize the events that maintain the motile subpopulation in the single cell level. It 86 has 388 been postulated for a long time that during biofilm development flagellar motility has to be 389 downregulated. Flagellar motility was thought to be important only during early stages of 390 surface approaching and sensing, or in the very late stages, when biofilm dispersal 391 commences 11 . Nevertheless, flagellated cells were suggested to play alternate roles in 392 In various bacterial species, numerous mechanisms by which motility is downregulated 397 simultaneously with activation of ECM production were described, and include different 398 levels of regulation. In B. subtilis, the presence of ECM was suggested to induce the 399 transitioning of motile cells towards ECM production in a positive feedback loop 35 . Flagella 400 rotation was suggested to be impaired in the ECM-rich environment, and this disturbance was 401 suggested as a mechanosensory pathway leading to activating ECM production 36, 37 . 402 Furthermore, deletion of the gene encoding for the flagellin protein, hag, did not have a 403 notable effect on biofilm morphology in B. subtilis. Nonetheless, in a recent study in our 404 laboratory, we found that the ability to engulf foreign colonies enabled B. subtilis to deliver 405 these molecules more efficiently and enhanced killing 41 . Therefore, here we sought to better 406 understand the role and the regulation of motility in biofilms. 407 A striking evidence for the ability of B. subtilis to move on top of high-friction surfaces was 408 the engulfment of objects placed in proximity to the colony, in a similar manner to the 409 engulfment of B. simplex colonies. A mutant in the motor subunit, motAB, that has intact 410 flagella that cannot rotate, showed similar phenotypes to a mutant in the flagellar protein, 411
hag. This further corroborates that flagellar motility is taking place. On a surface, three major 412 factors restrict flagellar motility: surface friction, surface tension, and lack of water 42 . In 413 biofilms, exopolysaccharides can attract water, and surfactants can reduce surface friction 414 and tension. Thus, the ability to move on top of high-friction surface might be much more 415 common, and might include many bacterial species that are capable of forming a biofilm. 416
In the natural ecosystems of many bacterial species, and specifically, for B. subtilis in the 417 soil, scenarios in which engulfment of obstacles could aid the bacterium in outcompeting 418 other species for access to nutrients are probably frequent. As the majority of cells are 419 contributing to ECM production during biofilm development 52,85,88 , the central remaining 420 question is how motility is maintained in a subpopulation of the biofilm cells. 421
We first examined whether ECM affects motility. To our surprise, we saw that mutants 422 lacking different ECM components showed lower levels of motility. The ECM protein, TasA, 423 had a dramatic and specific effect on motility, as the mutant showed a much lower number of 424 motile cells. The effect was highly specific, as it did not show reduction in an unrelated 425 genetic program (competence). This suggests that TasA could be the factor that maintains the 426 motile cell subpopulation in the biofilm. 427
Single-cell analysis revealed the mechanism by which TasA preserves the motile cell 428 subpopulation. We saw that TasA acts locally and is involved in reverting the ECM 429 producers back into motile state. TasA stimulated the cells to switch back into motility, as 430
ΔtasA cells stayed much longer in the biofilm state. The idea that motile cells emerge from 431 preexisting chains is novel and has important implications -it can allow a more uniform 432 distribution of the motile cells within the biofilm structure, rather than two segregated 433 subpopulations of cells. 434
In a recent study, it was suggested that the entrance to the biofilm state is stochastic, while 435 reverting into motility is timely 89 . The timer that was suggested to be a passive production-436 dilution mechanism, in which the expression of transcription factors is stopped at a certain 437 moment, and then they are diluted until reaching a low threshold that then allows motility to 438 be re-activated. Here, we add an upstream layer of regulation, and this is the TasA protein 439 itself: we show that it is essential for exiting the biofilm state. Thus, the frequent switching 440 from ECM production to motility observed by Norman et al. could be explained by the 441 presence of TasA on the growing chains. 442
Our findings that TasA acts upstream of the motility-biofilm switch are supported by 443 additional evidence as follows: (1) When cells were prevented from entering the biofilm 444 state, by deletion of motility-biofilm switch master regulators, tasA deletion had no additional 445 influence on the number of motile cells; (2) Suppressor mutations that spontaneously 446 appeared in ΔtasA colonies targeted known regulators of the switch. 447
Finally, an interesting non-synonymous mutation was found in the histidine kinase domain of 448 the histidine kinase CssS, part of the CssRS two-component system, that was not known to 449 be related to the motility-biofilm switch. As cssRS deletion affected the expression of both 450 motility genes and ECM production, we suggest that the CssRS two-component system is a 451 novel regulator of the switch. We also raise the possibility that CssRS is part of the sensing 452 mechanism of TasA levels, but other mechanisms may exist. 453
To conclude, in this study we suggest a new notion of biofilms as motile, rather than sessile 454 entities. Importantly, numerous pathogenic biofilm-forming species, such as P. aeruginosa, 455 are considered to block flagellar motility while in a biofilm state. As shown here, collective 456 motility may be fundamental to biofilm spreading. One troublesome scenario is that biofilms 457 of virulent bacteria can spread to various tissues in the body, relying on collaboration 458 between the ECM producers and flagellated motile cells. Thus, this new notion of collective 459 motility, and how it coexists within the biofilm, may be found important for the development 460 of novel anti-biofilm agents, targeting biofilm collective motility. 461
When considering a developmental model for biofilm formation, it is tempting to speculate 462 that the bacterial ECM is involved in regulation of genetic programs in designated 463 subpopulation of cells in the biofilm 73,90 . It has been evident that in multicellular eukaryotes, 464 cell migration depends on cell-ECM interactions 64 . In this work, we describe a similar role 465 for an ECM protein in as a deriving cue maintains an essential subset of motile cells within 466 the biofilm population. The ligated plasmids were then transformed into E. coli DH5α and ampicillin resistant 495 colonies were selected and confirmed by sequencing. The GFP reporter or overexpression 496 plasmids were then integrated into the neutral amyE or lacA locus of the laboratory strain 497 PY79 by transformation, as described above, and selected for chloramphenicol, 498 spectinomycin, or MLS resistance. Extracted genomic DNA of the transformed strains were 499 transformed to NCIB 3610 as described above. 500
501
Media 502
The strains were routinely manipulated in LB (Difco) or MSgg medium (5 mM potassium 503 phosphate, 100 mM MOPS pH 7, 2 mM MgCl2, 50 µM MnCl 2 , 50 µM FeCl 3 for liquid or 504 125 µM FeCl 3 for solid medium, 700 µM CaCl 2 , 1 µM ZnCl 2 , 2 µM thiamine, 0.5% glycerol, 505 0.5% glutamate, 50 µg ml −1 threonine, tryptophan and phenylalanine) 28 . Medium was 506 solidified with Bacto agar (Difco) 1.5%, or lower concentration when specified. MSgg plates 507 were prepared on the day of the experiment and air dried under a laminar flow hood for 40 508 minutes prior to inoculation. Note that the iron concentration in the solid MSgg medium was 509 2.5-fold higher than the original recipe as this was found to improve overall morphology 510 development as done by us previously 88 . 511
Selective media for cloning purposes were prepared with LB or LB-agar using antibiotics at 512 the following final concentrations: 100 µg ml −1 ampicillin (AG Scientific), 10 µg ml −1 513 kanamycin (AG Scientific), 10 µg ml −1 chloramphenicol (Amresco), 10 µg ml −1 tetracycline 514 (Amresco), 100 µg ml −1 spectinomycin (Tivan Biotech) and 1 µg ml −1 erythromycin 515 (Amresco) + 25 µg ml −1 lincomycin (Sigma Aldrich) for MLS. 516
517
Growth and fluorescence measurements of shaking cultures 518 21 Cells from a single colony isolated on LB broth plates were grown to mid-logarithmic phase 519 in a 3 ml LB broth culture (4 h at 37°C with shaking), and were diluted to reach equal optical 520 density (OD). Cells were re-diluted 1:100 in 150 μl liquid MSgg medium per-well in a 96-521 well microplate (Thermo Scientific). Cells were grown with agitation at 30°C in a microplate 522 reader (Synergy 2, BioTek), and the OD at 600 nm (OD600) and GFP fluorescence (485/20, 523 528/20 filter set) were measured every 15 minutes. 524 525
Biofilm on solid surface assay 526
Cells from a single colony isolated on LB plates were grown to mid-logarithmic phase in a 3 527 ml LB broth culture (4 h at 37°C with shaking). Then, a 1 μL drop was spotted on solid MSgg 528 medium. Plates were incubated at 30˚C for the time period indicated in the legend for each 529 figure. Images of bright field and GFP signal intensity were obtained with a Stereo Discovery 530 V20″ microscope with Objective Plan Apo S 0.5x FWD 134 mm or Apo S 1.0x FWD 60 mm 531 (Zeiss) attached to an Axiocam camera. Data was analyzed using Axiovision suite software 532 (Zeiss). 533 534 Flow Cytometry 535 B. subtilis biofilms were inoculated as described above, and incubated for the time period 536 indicated in the legend for each figure. Biofilms were then scraped from the plate surface and 537 separated into single cells using mild sonication, as previously described 96-101 . Samples 538 were fixated in 4% paraformaldehyde (Electron Microscopy Sciences) and kept at 4˚C until 539 the measurement. Samples were measured using an LSR-II cytometer (Becton Dickinson, 540
San Jose, CA, USA) operating a solid-state laser at 488 nm. GFP intensities were collected 541 by 505 LP and 525/50 BP filters. For each sample, 10 6 events were recorded and analyzed for 542 GFP intensities. The autofluorescence level was determined in each experiment by measuring 543 22 a biofilm sample from a non-fluorescent strain of the same genetic background. Then, the 544 distribution of GFP intensities was determined using a custom Matlab code. 545
546
Osmolarity and viscosity measurements 547 Different weights of dextran, glucose, galactose, xylose and polyethylene glycol, as indicated 548 in the legend for each figure, were dissolved in the MSgg growth medium at the same 549 concentrations that were used for the growth and fluorescence measurements (ranging from 550 0.2 wt% to 10 wt%). The osmolarity of these polymer solutions was measured using an 551 'Advanced Instruments Freezing Point Osmometer' (model 3300). The osmolarity was 552 determined by subtracting the measured baseline corresponding to the MSgg solvent growth 553 medium. The zero-shear viscosities of the polymer solutions were measured in a stress-554 controlled rheometer (TA-Instrument DHR-3) using cone and plate geometry. 555 556
Exopolysaccharides purification 557
Pellicles were grown for 48 hours at 30 °C in 600 ml beakers on top of custom made nets. 558
The floating biomass was then separated from the growth medium. Exopolysaccharides were 559 extracted by us as following: Pellicles that had been formed in biofilm-inducing medium 560 were collected, washed twice in phosphate-buffered saline (PBS) (137 mM NaCl, 2.7 mM 561 KCl, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 ), mildly sonicated, and then centrifuged to remove 562 the cells. The supernatant was mixed with 5× ice-cold isopropanol and incubated overnight at 563 4°C. Samples were centrifuged at 8000 rpm for 10 min at 4°C. Pellets were resuspended in a 564 digestion mix of 0.1 M MgCl 2 , 0.1 mg/mL DNase, and 0.1 mg/mL RNase; mildly sonicated; 565 and incubated for 4 h at 37°C. Samples were extracted twice with phenol-chloroform. The Time-courses of 4.5 hours were considered for analysis, as they allowed enough time for 592 motility activation to occur, but cells were not overcrowding the field yet. 593
Analysis was performed manually, using ImageJ FIJI distribution 102,103 . An event of motility 594 activation in a chain was defined as one or more of its cell progeny reaching intensity levels 595 in the GFP channel above a threshold defined by non-fluorescent cells. Cells that were motile 596 in the beginning of the time-course were not considered for analysis. The number of chains in 597 which an event occurred, or did not occur, during the time course was counted. Cell and 598 chain length measurements were performed by manually segmenting the cells at the 599 beginning and the end of the time course. P tapA expression was defined as intensity levels in 600 the CFP channel above a threshold defined by non-fluorescent cells. Length of segments in 601 which P tapA was expressed, either in cells, chains, or part of chains, were measured at t = 4.5 602 hours. 603 604
Evolution experiment, whole genome sequencing and identification of mutations 605
Colonies of ΔtasA were inoculated as described above, and incubated for 5 days. Fluorescent 606 protrusions from the edge of the colony were isolated on LB for single colonies. Liquid 607 cultures of single colonies were frozen, re-streaked on LB, and the biofilm on solid surface 608 assay was performed as described above for phenotype validation. 609
Genomes of nine representative strains, in addition to four ancestral strains, were sequenced. 610 DNA was extracted using a DNeasy blood and tissue kit (Qiagen). Libraries were generated 611 using a Nextera XT DNA sample preparation kit (Illumina to the alignments of the ancestor B. subtilis sample that was also sequenced. Genomic 621 positions that consistently differed between both alignments (>70%) were recorded as 622 mutations. Genomic positions with no aligned reads, but with aligned reads in the ancestor 623 sample were recorded as deletions. Mutations in additional strains were identified using PCR 624 and Sanger sequencing. 625 626
Swimming assay 627
MSgg plates solidified with 0.25% agar were prepared a day before the experiment, and dried 628 overnight at room temperature. Cells from a single colony isolated on LB plates were grown 629 to mid-logarithmic phase in a 3 ml LB broth culture (4 h at 37°C with shaking), and diluted to 630 reach equal OD. Then, a 1 μL drop was spotted on the center of the plate. Plates were 631 incubated at 30˚C for 10 hours. Images were obtained with a Nikon Coolpix P510 camera 632 (NIKON). Data was analyzed using Axiovision suite software (Zeiss). 
